abstract: Phylogenetic analyses provide a means to explore evolutionary explanations for regional variation in species richness. The environment might also explain much of the previously unexplained imbalance of phylogenetic trees. We use data on geographic distribution and phylogenetic affinity to examine correlates of species richness among genera of irises (family: Iridaceae). Irises display strong phylogenetic imbalance, with a few clades containing a disproportionate number of species, most notably those found in the dry Mediterranean climate of the Cape of South Africa. The abiotic environment and area are strong predictors of iris species richness, but environment alone is insufficient to explain the high diversity of Cape clades. One possible explanation is that the interaction between biological traits and environment resulted in the unusually high diversification rates in the region.
The distribution of species richness among branches of the tree of life is highly uneven, with a small number of clades possessing a disproportionately large number of species (Marzluff and Dial 1991) . Similarly, species richness varies markedly among different geographic regions (Gaston 2000) . To date, approaches for studying these two patterns have been largely separate. The causes of taxonomic imbalance have been explored using phylogenetic approaches, focusing largely on finding biological traits that explain variation in species richness. Although such traits have been found (Hodges and Arnold 1995; Heilbuth 2000; Sargent 2003; Gianoli 2004; Ree 2005) , the proportion of variation in species richness they explain tends to be low (Harvey and Purvis 2003; Ricklefs 2003 ). In contrast, most work on geographic variation in species richness has followed an ecological approach, for example, looking at the effects of area on species richness or for regional differences in the abiotic environment that explain spatial variation of species richness (Willig et al. 2003; ; see also Currie and Francis 2004; Qian and Ricklefs 2004) .
Combining these approaches can provide further insights into both areas. Phylogenetics provides a means to evaluate the importance of evolutionary history in determining geographic patterns in diversity. For example, do regions with more species have older clades or clades with faster net diversification rates (Cardillo 1999) ? In addition, the environment might provide the missing explanation for taxonomic imbalance in species richness: clades occupy regions with different areas or different abiotic environments, thereby influencing net diversification rates (Ricklefs 2003) . For example, Davies et al. (2004) showed that area and measures of environmental energy, such as temperature, explained ∼40% and ∼20%, respectively, of the variation in species richness between sister families of angiosperms.
Here we use a generic-level phylogenetic analysis of Iridaceae to examine environmental correlates of species richness. By comparing younger and more narrowly distributed taxa than Davies et al. (2004) , it was hoped to more precisely discriminate differences in environments between clades. We chose Iridaceae largely because a nearly complete genus-level phylogenetic analysis was already available and also because they display important characteristics relating to both taxonomic and geographic variation in species richness. Taxonomically, Iridaceae are a highly diverse family with ∼65 genera. The family displays a strong pattern of taxonomic imbalance: a few genera contain large numbers of species (e.g., . The Cape is renowned for its high levels of plant species richness and endemism. As a small and essentially temperate climate region, the Cape has been highlighted as an unexplained outlier from global trends between the abiotic environment and species richness (Cowling et al. 1992; Simmons and Cowling 1996; Richardson et al. 2001; Linder 2003) . The two broad explanations for high species richness in the Cape are readily amenable to phylogenetic analyses: either the Cape represents an old, relatively undisturbed area able to accumulate species richness or the recent onset of its Mediterranean-type climate triggered rapid diversification. Here we ask two questions. First, are measures of the abiotic environment sufficient to explain the diversity of irises in the Cape and elsewhere? Although the Cape departs from general trends between the environment and flowering-plant species richness, it remains possible that those lineages that have radiated extensively in the Cape fall within clades that follow a different functional response to the abiotic environment that can still explain the clades' geographic variation in species richness. Second, is high diversity of Iridaceae in the Cape due to rapid diversification or to the presence of old clades?
Material and Methods

Phylogenetic Data
We use one of the two most parsimonious phylogenetic trees from a recent molecular study by Goldblatt et al. (2005) , sampling 58 of the 65 currently recognized genera within Iridaceae. Species numbers were taken from Goldblatt (2001) . Significant shifts in rates of diversification were identified by contrasting species richness between sister clades using the method of Slowinski and Guyer (1993) .
Geographic Data
Generic distribution maps were assembled using a range of revisionary and floristic accounts dealing with Iridaceae, notably Mathew (1981) , Goldblatt and Henrich (1987) , and . These were digitized in ArcView (GIS 3.2, Environmental Systems Research Institute). The total area of each distribution was calculated and log transformed.
For measures of abiotic environment, following broad ecological surveys of plant diversity (Currie 1991; O'Brien et al. 2000; Francis and Currie 2003) , we focused on variables summarizing energy input, water availability, and elevation in each region. We collated raster data sets representing temperature , respectively, at the equator. The smallest geographic range was that for Devia at around 12,000 km 2 .
Evolutionary Rates
Following Davies et al. (2004) , we included a measure of molecular evolution rates to attempt to distinguish whether any observed correlation between species richness and energy might be explained by the intermediate effect of environment on evolutionary rates (Rohde 1992) . Maximum likelihood branch lengths were estimated using the HKY85 model of DNA evolution (Hasegawa et al. 1985) for synonymous and nonsynonymous changes. Further partitioning of the data was not supported by nested loglikelihood ratio tests (results not shown). A comparison with branch lengths estimated using a more complex model of DNA evolution (general time reversal using a gamma distribution with an a shape parameter and a proportion of invariant sites) found strong correspondence between the two estimates ( for the re-2 r p 0.99 gression with both the synonymous and nonsynonymous partitions).
Construction of Linear Models
We constructed linear models to explore the correlation among contrasts in environmental measures, molecular rates (explanatory variables), and species richness (response variable) between sister clades. All procedures follow Davies et al. (2004) . We calculated species richness contrasts as log (species in clade A) Ϫ log (species in clade B).
To correct for the tendency of older clades to differ more in species richness, contrasts were divided by the relative age of the node subtending the two clades. The ages of sister clades were estimated from the DNA sequence data using the nonparametric rate-smoothing method of Sanderson (1997) to adjust for nonconstancy of rates across lineages (further details provided in app. A in the online edition of the American Naturalist). Contrasts in the environmental variables and molecular rates were calculated as (X A )Ϫ(X B ), where X is molecular branch length or the mean of the environmental variable as derived from distribution maps. We standardized the variance among branch length contrasts by dividing by the mean of the branch lengths leading to both sister families.
Regression through the origin (Harvey and Pagel 1991) was performed using the statistical package R, version 1.6.0 (R Development Core Team 2002). Model simplification was performed by removing nonsignificant parameters in a stepwise fashion to produce a minimum adequate model (Crawley 2002) .
Model Sensitivity
We performed three alternative treatments to examine robustness of our results and sensitivity to phylogenetic error. First, we constructed linear models including the maximum set of sister clades for which there was no taxonomic overlap (nonnested contrasts), that is, no clades shared between different contrasts, chosen to maximize the species richness contrasts of included sister comparisons. Second, we included contrasts between sister clades for all nodes within the tree. For nodes deeper in the tree, molecular rates were estimated by successively averaging branch lengths from the tips toward the root. Third, we repeated models one and two but weighted contrasts by bootstrap support for monophyly of the respective clades; bootstrap percentages below 75% were given zero weight. A total of four minimum adequate models were generated. Model criticism was performed following Crawley (2002) , as described in Davies et al. (2004) .
Missing Taxa
Our analyses assume that all species within the lineages compared have been sampled, although seven genera could not be included in the phylogenetic tree reconstruction because suitable tissue samples were unavailable. We therefore used published statements about their most likely phylogenetic affinities and collapsed clades in which it was thought they were likely to fall to one representative taxon (table B1 in the online edition of the American Naturalist). Branch lengths and geographic distributions were estimated as described for nodes deeper in the tree. The complete analysis was then repeated, producing four additional minimum adequate models. We regarded the model derived from the nonnested sister contrasts (assuring phylogenetic independence), weighted by bootstrap percentages (minimizing the influence of phylogenetic error) and for which we had accounted for the influence of missing taxa, as described above, to be the most conservative.
Results
All minimum adequate models derived from the linear regression were highly significant ( ; tables C1 and P ! .001 C2 in the online edition of the American Naturalist). Area is the single best predictor of generic species richness, explaining 56% to 66% of the variation. Inclusion of environmental variables and molecular rates into the model increased its explanatory power by between 7% and 29%. Exactly which variables were retained within minimum adequate models was sensitive to alternative treatments; however, their direction of influence was consistent between models ( fig. 1 ). All models conformed to the assumptions of constancy of variance and normality of errors; hence, our results are not a product of a small number of contrasts of high influence but reflect a consistent pattern among Iridaceae lineages.
Of the measures of molecular rates, only synonymous changes were significantly correlated with species richness. If environment influenced diversification via its effect on rates of molecular evolution, we would expect the latter to be the more immediate predictor of species richness. However, we found that both environment and molecular rates were retained in the majority of our models, indicating that both correlate with species richness independently, consistent with previous findings among angiosperm families (Davies et al. 2004) .
Sister clades were found to differ greatly in species richness, indicating high variability in net diversification rates among lineages in the phylogenetic tree. Ten clades were identified as having a significantly greater number of species than their sister clades (table D1 in the online edition of the American Naturalist). The node subtending Isophysis Environment, Area, and Diversification 421 and the remainder of Iridaceae is the most imbalanced; the next most-basal nodes are also highly imbalanced, indicating that the ancestral state may have been a low net diversification rate. However, only two of the significantly imbalanced contrasts demonstrate a worse fit to the model than the mean (mean magnitude of residual deviation for all contrasts: 0.07). In both cases the species-poor clades, Isophysis and Diplarrhena, are sister to lineages including a large number of clades, perhaps highlighting the limitations of averaging environmental values for more inclusive clades. Variation in species richness among the remainder of the imbalanced nodes can be largely attributed to differences in environment included within our model.
Of genera with the greatest deviation from the model (table 1), all those that contain more species than predicted (Geissorhiza, Hesperantha, Ixia, and Therianthus) fall within Crocoideae, indicating a heritable component to diversification not included within the model parameters. Whereas a number of biological traits are characteristic of Crocoideae, there are insufficient state transitions to test for a general correlation between traits and species richness. The most prominent distinction between genera with fewer species than predicted by the model and the genera identified above is in their geographic distribution.
Crocoideae are a largely southern African clade, and we find our model consistently underpredicts species richness of clades in this region, in particular the Cape (fig. 2) . By comparison, non-Cape genera tend to contain fewer species than predicted by the environment model (e.g., Olsynium, Solenomelus, and Hesperoxiphion). Although a few South African genera in Crocoideae are also overpredicted by the model (e.g., Chasmanthe, Radinosiphon, and Duthiastrum), their departure is more than an order of magnitude less than that observed among non-African clades.
High species richness in Cape clades might simply be a consequence of these lineages having accumulated species over a greater time. However, differences in species richness reflect variation in net diversification rates because model predictions were generated from contrasts between sister clades, which are by definition the same age. Clades with more species than predicted by the model have had higher diversification rates than expected. Furthermore, genera with southern African distributions tend to be younger than genera found elsewhere (median clade age of 18 million years and 22 million years, respectively). Hence, lineages in the Cape have diversified at a faster rate than non-Cape clades even when compared with lineages found in regions of similar Mediterranean climates.
Discussion
Our model can explain up to 85% of the variation in species richness among Iridaceae clades. Whereas area is the single most important variable, environmental factors independently explain an additional ∼20% of the variation in net diversification rates between lineages. We find that parameters associated with warm, topographically diverse habitats and low rainfall are the best predictors of species richness, confirming the family's departure from more general global trends of higher species richness in more productive environments (Davies et al. 2004 ). Adapted to neither the intense competition for light nor the rapid growth required for gap colonization within dense vegetation typical of tropical regions, Iridaceae instead favor seasonally dry environments (Rudall 1995) . Although a few genera, such as Neomarica (8) and Eleutherine (2), are found in the Neotropics, they are relatively species poor. Hence, the environment including area can explain a large proportion of the variation in net diversification rates among clades even in cases known to contradict global trends.
The richness of the Cape is consistently underpredicted by general climate-energy models (O'Brien et al. 2000; Taplin and Lovett 2003) . In principle, it is possible that clades favoring the Cape, such as Iridaceae, might display a different response to energy measures than responses that characterize global biodiversity patterns, but that regional variation in their diversity is still predictable by a climate model. Despite the high explanatory power of our model, we find that environment is insufficient to explain the high diversity of irises in the Cape at the scale of our analysis. Our results also indicate that lineages in the Cape derived by summing the generic distribution maps weighted by the difference between the observed and predicted species richness from the most conservative model (tables C1 and C2 in the online edition of the American Naturalist). Dark shading represents high disparity between actual and predicted species richness; light shading represents low disparity. Note that although the model was derived from contrasts rather than genus values, Pagel (1993) showed that residual values for taxa can be calculated reliably using model parameters from contrasts analysis.
have undergone more rapid diversification than those found elsewhere. The results are consistent with molecular evidence for a recent origin of Cape endemics (Richardson et al. 2001) .
What factors might explain the residual variation in species richness, particularly in the Cape? First, the spatial and taxonomic scale of our analyses may have prevented us from discriminating environmental parameters at fine enough resolution to obtain a fully predictive model. The geographic distribution of species richness within genera is not uniform; for example, 75% of the species within Moraea are endemic to the Cape, but the clade's total geographic extent stretches to Ethiopia and from the Mediterranean to the Middle East . As geographic extent increases, so does the tendency for mean values to tend toward a global average. In principle, this trend could lead to underrepresentation of the effects of a narrowly distributed climate region such as the Cape and hence the underprediction of species richness. However, the fact that we could distinguish the Cape as an outlier in our mapping of residuals indicates that there were a sufficient number of narrowly distributed clades to define the region. Clearly, further spatial and phylogenetic resolution is desirable in such studies, once suitable phylogenetic data become available.
Second, some aspect of the environment absent from our models might explain residual variation. For example, fire is thought to be a key factor explaining Cape diversity (Cowling et al. 1992) . If the frequency of fire is not predicted by the variables in our model, this might be an additional factor that could explain variation in species richness between Cape and non-Cape clades. Alternatively, the Cape is hypothesized to have experienced less climatic variability than other regions during the Pleistocene, which might have lowered extinction rates and increased net diversification rates (Dynesius and Jansson 2000) . More complex models could be devised that included these and other environmental measures if suitable GIS data were available for these measures.
Finally, biological traits might play a role in explaining residual variation. Many of the Cape genera have a number of traits in common, including zygomorphic flowers, cormous rootstocks, and the absence of highly developed mechanisms for long-distance seed dispersal (table 1) . These traits have all been argued to promote reproductive isolation (Goldblatt 1991; Bernhardt and Goldblatt 2000; . However, several speciespoor genera in other regions, some of which have fewer species than predicted by the model, share many of the above key traits with their species-rich counterparts. One interpretation is that such traits might provide the key for clades to invade and prosper in the Cape region, thereby exploiting the potential for rapid diversification conveyed by the Cape environment. The sample size of evolutionary transitions in the Iridaceae phylogenetic tree is too small to explore the interaction between biological traits and environment further, but such analyses will be possible as more phylogenetic trees become available for clades that have independently colonized the Cape region.
In conclusion, phylogenetic and geographic approaches for studying species richness are mutually informative. Phylogenetic analyses provide a means to explore in which geographic regions diversification rates have been unusually high or low and to evaluate putative causes. Environmental variables offer the potential to explain much of the previously unexplained imbalance of phylogenetic trees.
